Renal tubular absorption of the free amino acids L-proline, hydroxy-L-proline, and glycine in man is accomplished by a transport system exhibiting preference for this group of amino acids (1, 2) . The characteristics of saturability (for L-proline transport) and selective inhibition between the constituent substrates have been demonstrated for this system in man (1) . Studies in vivo in the rat (3, 4) also reveal a transport system in that animal with preference for the same three amino acids. Studies in vitro with rat kidney cortex slices (4) and other tissues (5, 6) confirm this finding and also indicate that, within the system showing group preference, there may be discrete catalytic transport sites for the individual substrates (4, 6) . The apparent order of substrate affinities for the transport system or systems is highest for L-proline and lowest for glycine (1, 4) .
A maximal rate for renal tubular absorption of L-proline (Tm Pro) has been shown in man (1) . In the present work the behavior of free hydroxy-L-proline as substrate and its effect as an inhibitor within the system were studied. A Tm for hydroxyproline (Tm Hypro) was demonstrated; the imino acid was also shown to be a poor inhibitor of L-proline transport but more effective against glycine.
Methods

Subjects
Four healthy adult Caucasian males between 30 and 39 years of age were studied. Two subjects (2 and 3) were given two infusions; the remaining two were given one infusion. Techniques
Infusions were performed in the morning with the subjects in the resting state after an overnight fast. Sufficient water was given by mouth to ensure a diuresis exceeding 5 ml per minute. Urine was collected by spontaneous voiding while subjects were standing. The steady state infusion technique used in these experiments has been described previously (1) . Hydroxy-L-proline was given in priming doses of 0.4 to 1.2 mmoles per kg (50 to 150 mg per kg) ; the sustaining dose was 3.5 /Amoles per kg per minute.
Infusion of free hydroxy-L-proline is followed about 12 hours later by muscular ache, mild pyrexia, and nausea. These sensations disappear within 24 hours. This response is dose dependent, and the two subjects who were given two infusions felt greater discomfort with the larger infusion. Hydroxyprolinuria or persistence of hydroxyprolinemia were not observed at the time of symptoms. The origin of this reaction remains obscure. Materials Hydroxy-L-proline (chromatographically pure) was obtained commercially.1 Purity was confirmed by chromatographic analysis in n-butanol, acetic acid, water (12: 3: 5) followed by staining with Ninhydrin (0.2% in acetone) and sequential staining with isatin (0.2% in acetone) followed by Ehrlich's reagent (7).
Preparation of samples
All urine samples were preserved with thymol and stored immediately after collection at -20°C. Plasma was separated from heparinized whole venous blood by centrifugation within an hour after collection. A sample of plasma was immediately added to 0.437 N picric acid (plasma: picric acid; 1: 5), and after precipitation of the protein, the picric acid was removed on Dowex 2 X 8 resin (Cl-) (8 
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Analytical methods Qualitative. The amino acid content of 2-second volumes of urine was examined by ascending partition chromatography in two dimensions in water-saturated phenol followed by 2,6-lutidine, water (2.2: 1). Plasma (10 Aul) was chromatographed in one dimension without deproteinization in n-butanol, acetic acid, and water (12: 3: 5) , and the amino acids were identified with a Ninhydrinisatin mixture plus sequential staining techniques to demonstrate hydroxyproline specifically (9) .
Quantitative. Analysis of amino acids in appropriate urine volumes (2-to 10-second volumes) and plasma (0.415 ml) was performed on ion exchange resins according to the techniques of Spackman, Moore, and Stein (8) using a Beckman-Spinco amino acid analyzer (model 120) equipped with 6-mm light path cuvettes in the calorimeter. Inulin in urine and plasma was determined by the method of Schreiner (10) .
Net tubular absorption of amino acids (AA) was calculated from the formula [Ci. (milliliters per minute) X plasmaAA (micromoles per milliliter) ] -urineAA (micromoles per minute) = absorbed (micromoles per minute), where Cs. = inulin clearance. The venous plasma threshold for hydroxyprolinuria was calculated by the "linemethod," according to Smith (11) .
Results
Hydroxy-L-proline Tm. Tubular absorption of the small amounts (0.01 umole per ml) of free hydroxyproline present in fasting plasma is normally complete (Table I) . Hydroxyprolinuria was not detected until the filtered load had been greatly increased (Table I ). The venous plasma threshold for linear urinary excretion of hydroxy- (Figure 2 ). Hydroxy-L-proline as inhibitor. High concentrations of free hydroxy-L-proline in tubular urine have an inhibitory effect upon the transport of glycine and proline (Tables III and IV) . [ The inhibition has been shown to be competitive (4) .] Tubular absorption of other amino acids was not significantly impaired. The inhibitory effect of hydroxyproline was greater on glycine transport than on L-proline transport (Figure 3) greater inhibition of glycine and proline transport ( Figure 3 ) when compared with the other two subjects with higher Tm; data at similar filtered loads of hydroxyproline were used for the comparisons.
Discussion lycine Absorption
Free hydroxy-L-proline is transported by a system exhibiting Michaelis-Menten kinetics in ztitro (4) . Therefore * Levels at which proline absorption was inhibitec or the highest level was achieved in the study (regardless of effect)
are shown. Periods of protocols not represented indicate that proline did not inhibit proline transport.
The absolute Tm value showed interindividual variation (Table II) . This is not necessarily a technical artifact. Interindividual variation is recorded for tubular transport of proline (1) and glucose ( 11 ) in man. It has also been documented in vitro in the hamster for intestinal transport of neutral amino acids (12) . Interindividual variation in transport kinetics is probably still another manifestation of biological individuality.
The Tm values for free hydroxy-L-proline are lower than those for free L-proline (Table V) . One expects the reverse if hydroxyproline, as proposed earlier (1) , has lower preference for transport than L-proline, since lower capacity or rate of substrate transport (Tm or Vmax value) is usually associated with a higher affinity for the system (13) . This customary relationship was observed in vitro in the rat (4) . The apparent discrepancy between anticipated affinity and observed Tm values for L-proline and hydroxy-Lproline in vivo in man probably reflects differences in the rates at which the kidney can not only absorb the two imino acids but also metabolize them. Estimates of net absorptive transport are still only summaries of a series of multicompartmental phenomena ultimately determining the relative rates at which the two substrates can leave the lumen of the renal tubule. Although the relative affinities for transport of the two imino acids cannot be deduced from Tm data, other means of evaluating this feature are available. The plasma venous threshold for appearance of iminoaciduria reflects to some extent the avidity of the transport system for the substrate; the threshold value is lower for hydroxyproline, suggesting less avid transport, when compared to the value for L-proline (Table V) .
The relative affinities of the imino acids for transport might also be deduced by observing their relative efficiency as competitive inhibitors of transport of a third compound transported within the particular system. This argument is valid, however, only if all three compounds are transported at the same site, and there is evidence that this is not the case for imino acids and glycine (4, 6) . In the present study there is some indication that hydroxyproline is a more effective competitor than proline for the glycine site (Table V) . This observation was also made in vitro in rat kidney cortex slices (4) . Either imino acid is a more effective inhibitor of glycine transport than of the uptake of the other imino acid. One can conclude, therefore, that either as inhibitor or substrate, imino acids have better affinity for transport than glycine.
Recently there appeared a report of a new aminoacidopathy, hydroxyprolinemia (14) . Combined aminoaciduria (hydroxyproline, proline, and glycine) would be expected in this disease. Only hydroxyprolinuria was observed, in contrast to the "combined" aminoaciduria observed in hyperprolinemia (1, 2) . The explanation for the absence of combined aminoaciduria in hydroxyprolinemia is now apparent. Competition within the tubular transport system does not usually appear until the plasma level of hydroxyproline is greater than 0.35 umole per ml. When this level is reached, inhibition of glycine transport begins (Table III) , but proline transport is still not significantly inhibited (Table IV) . In the hydroxyprolinemic patient, the plasma level was no greater than 0.34 umole per ml, which is a level just sufficiently elevated to produce competition for transport in our own studies. By contrast, the plasma proline level in hyperprolinemic patients is nearly always elevated to the level where competitive inhibition within the system occurs (1, 2). Therefore, the combined aminoaciduria is usually found in that disease.
The present study confirms and extends our earlier investigations which indicated that amino acid transport systems in the human renal tubule exhibit the properties of saturability and substrate specificity (1) . The presence of a limited number of specific membrane transport processes, a feature common to other cellular catalytic processes, is also implied by these investigations. These deductions with regard to transport processes are not new (15) , but it is of interest that they can also be derived in vivo in man.
Summary Hydroxy-L-proline was infused into four adult male subjects. Net renal tubular absorption was measured by conventional techniques involving calculation of inulin clearances and determination of amino acids in plasma and urine by elution chromatography on ion exchange resin.
A maximal rate for tubular absorption (Tm) of free hydroxy-L-proline was observed unequivocally in two subjects and possibly also in the other two persons. The Tm values ranged from 60 to 125 /moles per minute.
Hydroxy-L-proline is a specific inhibitor of tubular transport of L-proline and glycine; glycine transport is inhibited more than L-proline transport. The two imino acids have higher affinity than glycine for transport in the system exhibiting preference for these three neutral amino acids.
